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The primordial germ cells (PGCs) of the mouse are derived from proximal epiblast cells that are adjacent to the
extraembryonic ectoderm during gastrulation. Previous studies have demonstrated that extraembryonic ectoderm-derived
BMP4 and BMP8B are both required for PGC generation. Here we show that Bmp2, a member of the Dpp class of the Bmp
superfamily, also plays a role in PGC generation. PGC number is significantly reduced in Bmp2 heterozygous and
homozygous embryos at the N2 generation onto C57BL/6 background. Bmp2 homozygous embryos also have a short
allantois and about 50% of them do not undergo normal chorioallantoic fusion. Using whole-mount in situ hybridization,
we show that Bmp2 is primarily expressed in the endoderm of mouse pregastrula and gastrula embryos. Using a genetic
approach, we further show that Bmp2 and Bmp4, but not Bmp2 and Bmp8b, have an additive effect on PGC generation.
These results suggest that PGC generation in the mouse embryo is regulated not only by extraembryonic ectoderm-derived
BMP4 and BMP8B, but also by endoderm-derived BMP2. © 2001 Academic Press
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fiINTRODUCTION
Before the onset of gastrulation, the epiblast of the mouse
embryo is a cup-shaped tissue, which will give rise to the
fetus and extraembryonic mesoderm. On the top of the
epiblast is an inverted cup-shaped extraembryonic ecto-
derm, which will proliferate and differentiate to become the
major part of the placenta. These two cups are enveloped by
the primitive endoderm. Fate-mapping studies show that
the precursors of embryonic tissues originate from specific
regions in the epiblast (Lawson et al., 1991; Lawson and
edersen, 1992; Parameswaran and Tam, 1995). The precur-
ors of primordial germ cells (PGCs) are located in the
roximal region of the epiblast immediately adjacent to the
xtraembryonic ectoderm in the mouse embryo (Lawson
nd Hage, 1994; Tam and Zhou, 1996). PGCs can be first
dentified at embryonic day (E) 7.25–7.5 as a cluster of
lkaline phosphatase-positive cells at the posterior end of
he primitive streak and the base of the allantois bud
Ginsburg et al., 1990). Later, they migrate into the o
484ndoderm of the developing hindgut, the mesentery, and
ventually the genital ridges at about E10.5.
The mechanisms of PGC fate specification differ consid-
rably among various vertebrate and invertebrate species
Mclaren, 1999; Weidinger et al., 1999; Wylie, 1999). In
rosophila and Xenopus, germ cells are generated by ma-
ernally inherited molecules such as oskar and Xdazl gene
roducts (Wylie, 1999; Houston and King, 2000). In Caeno-
habditis elegans and zebrafish, the PGCs are specified by a
echanism of asymmetric localization of cytoplasmic fac-
ors (Kemphues and Strome, 1997; Weidinger et al., 1999;
oon et al., 1997). Although it has been demonstrated that
he precursors of PGCs are located in the proximal epiblast
n the mouse, maternally derived or asymmetrically segre-
ated factors have not been identified (Lawson and Hage,
994; Tam and Zhou, 1996).
Lawson et al. (1999) recently demonstrated that bone
orphogenetic protein 4 (BMP4) is required for PGC speci-
cation. BMP4 is a secreted intercellular signaling protein
f the transforming growth factor-b superfamily. BMP4 and
0012-1606/01 $35.00
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485Bmp2 in PGC Developmentits homologue play a critical role in cell fate specification
and patterning during embryogenesis in both vertebrate and
invertebrate (Dosch et al., 1997; Neave et al., 1997; Wilson
et al., 1997; Winnier et al., 1995). In the mouse, Bmp4
mRNA is detected in the extraembryonic ectoderm before
gastrulation. At mid- and late-streak stage, Bmp4 is also
expressed in the extraembryonic mesoderm, including am-
nion and allantois. Null mutation of Bmp4 results in a
complete absence of PGCs in mouse embryos. Bmp4 het-
erozygotes have approximately 50% of the normal PGC
number, suggesting that BMP4 functions in a dose-
dependent manner in PGC generation. Analysis of genetic
chimeras shows that only BMP4 secreted from the extraem-
bryonic ectoderm is required for the PGC generation. We
recently found that Bmp8b, a member of the 60A class of
the Bmp superfamily, is also required for PGC generation
Ying et al., 2000). Bmp8b mRNA is detected only in the
extraembryonic ectoderm in pregastrula and gastrula stage
embryos. On an outbred genetic background, homozygous
mutation of Bmp8b causes an absence of PGCs in about
50% of embryos and a severe reduction in PGC number in
the remaining embryos. On a largely C57BL/6 background,
Bmp8b homozygous embryos completely lack PGCs, and
Bmp8b heterozygotes have a reduced number of PGCs,
suggesting that its action in PGC generation is also dose-
dependent. These findings clearly indicate that extraembry-
onic ectoderm-derived BMPs are essential for subsequent
establishment of the germ cell lineage.
Coucouvanis and Martin (1999) recently reported that
Bmp2 transcripts were detected in the endoderm, especially
at the boundary region between the epiblast and the ex-
traembryonic ectoderm, of pregastrula and gastrula mouse
embryos. Accumulated evidence indicates that both BMP2
and BMP4 are functionally compensatory or redundant. For
example, BMP2 and BMP4 both promote apoptosis in cul-
tured mesenchyme cells of the developing chick limb
(Yokouchi et al., 1996) and cavitation of mouse embryoid
odies (Coucouvanis and Martin, 1999). Both factors can
nduce a dorsomedial phenotype when added to telence-
halic neuroectoderm explants (Furuta et al., 1997). These
studies prompted us to investigate whether endoderm-
derived BMP2 also plays a role in PGC generation. Here, we
show that null mutation in Bmp2 results in a severe
eduction in PGC number. Furthermore, Bmp2 and Bmp4
ave an additive effect. These findings indicate that both
xtraembryonic ectoderm- and endoderm-derived BMPs are
equired for PGC generation.
MATERIALS AND METHODS
Mouse Strains
Bmp2 mutation was created as previously described and was
maintained on a mixed genetic background (129SvEv 3 C57BL/6)
(Zhang and Bradley, 1996). Bmp2 heterozygous males were back-
crossed with C57BL/6 inbred females to generate N1 and N2
Copyright © 2001 by Academic Press. All rightheterozygotes. N2 male and female heterozygotes were inter-
crossed to maintain the line for PGC analysis. Bmp4 and Bmp8b
mutants used in this study have been described previously (Win-
nier et al., 1995; Zhao et al., 1996) and were maintained on a mixed
(129/SvEv 3 Black Swiss) or a C57BL/6 genetic background.
Bmp21/2;Bmp41/2 mutants were generated by crossing of Bmp2
eterozygotes (129SvEv 3 C57BL/6) and Bmp4 heterozygotes
(129SvEv 3 Swiss Black). Bmp21/2;Bmp8b1/2 mutants were ob-
ained at the N2 generation onto C57BL/6 background and inter-
rossed for PGC analysis.
PGC Staining and Counting
To count PGCs, whole-mount alkaline phosphatase staining was
used as previously described (Ginsburg et al., 1990; Lawson et al.,
1999). Briefly, embryos at E7.25–9.5 were collected and fixed in
freshly prepared 4% paraformaldehyde in phosphate-buffered sa-
line (PBS) for 2 to 3 h. The embryos were further dissected to
remove the trophoblast, but both the amnion and the yolk sac were
left attached to the embryos. They were stained with freshly
prepared a-naphthyl phosphate/Fast Red TR (Sigma) for 15 to 20
min at room temperature. After somite number was counted, the
embryos were cut to give anterior and posterior halves. The
allantois length was measured in the separated posterior portion of
the embryos. The embryo pieces containing PGCs were mounted
on a slide in 70% glycerol under a coverslip. PGCs were counted
under the microscope (4003 magnification). The anterior portion of
the embryo was used for DNA purification and genotyping.
Histology
Embryos at E9.25–9.5 were collected from crosses of Bmp2
heterozygotes at the N2 generation onto C57BL/6 background and
fixed in 4% paraformaldehyde in PBS for 6–10 h. The yolk sac was
used for genotyping, and the embryos were then dehydrated and
embedded in paraffin using standard procedures (Hogan et al.,
994). Serial sections were cut at 7 mm and stained with NBT/BCIP
solution for 20 min at room temperature according to the manu-
facturer’s instructions (Boehringer Mannheim) and then counter-
stained with eosin.
Whole-Mount in Situ Hybridization
Whole-mount embryo in situ hybridization was performed es-
sentially as described previously (Wilkinson, 1992; Hogan et al.,
1994), except that a higher temperature (70°C) was used during
hybridization and washing. Digoxigenin-labeled antisense and
sense riboprobes were prepared using Bmp2, Bmp4, and Bmp8b
cDNA as templates (Zhang and Bradley, 1996; Winnier et al., 1995;
Zhao et al., 1996) and an RNA transcription kit according to the
anufacturer’s instructions (Boehringer Mannheim).
DNA Extraction and Genotyping by PCR
The genotypes of the embryos were determined by PCR analysis.
The yolk sac or part of the embryo tissue was collected after
fixation or staining with Fast red, washed, and digested overnight at
55°C in 100 ml of lysis buffer (50 mM Tris z HCl, 20 mM EDTA, 10
mM NaCl, 0.5% SDS, and 0.5 mg/ml proteinase K). Genomic DNA
was extracted according to a standard procedure (Hogan et al., 1994)
s of reproduction in any form reserved.
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486 Ying and Zhaoand dissolved in 20 ml distilled water. One microliter of DNA
olution was used for each PCR. The three primers for Bmp2 were
mp2-18, 59-AGC ATG AAC CCT CAT GTG TTG G-39; Bmp2-19,
9-GTG ACA TTA GGC TGC TGT AGC A-39; and PGK-PRO,
9-GAG ACT AGT GAG ACG TGC TAC T-39. PCR was con-
ucted at 94°C for 30 s, 65°C for 30 s, and 72°C for 30 s for 35
ycles. The PCR products were resolved on a 3% agarose gel. The
izes of the amplified fragments were wild-type band, Bmp2-18 1
mp2-19, 322 bp, and mutant band, Bmp2-18 1 PGK-PRO, 367 bp.
he primers for Bmp4 and Bmp8b were the same as previously
escribed (Winnier et al., 1995; Ying et al., 2000).
Statistics
ANOVA was used for statistical analyses of allantois length,
somite number, and PGC number at neural plate and headfold
stages. The elevations and slopes of PGC regression lines were
analyzed by F test. The incidence of embryos with allantois bud
FIG. 1. Comparison of Bmp2, Bmp4, and Bmp8b expression patte
(A) Bmp2 expression in a mouse embryo at E6.5. Bmp2 signal was
layer. The higher level of expression was observed in the area a
especially in the endoderm covering the future primitive streak. (B)
However, the signal in the endoderm covering the primitive strea
mRNAs were detected in the extraembryonic ectoderm at E6.5. (E)
cross section at the level of the red line in (A). Bmp2 expression in th
level at the anterior end (light purple). ae, anterior end; en, embryon
extraembryonic ectoderm; xn, extraembryonic endoderm. Arrows
ectoderm in (A–D). Arrowheads indicate the anterior and posteriorwas analyzed by x2 test.
Copyright © 2001 by Academic Press. All rightRESULTS
Comparison of Bmp2, Bmp4, and Bmp8b
Expression in Gastrula Mouse Embryos
Both extraembryonic ectoderm-derived BMP4 and
BMP8B during gastrulation are critical for the establish-
ment of the germ line (Lawson et al., 1999; Ying et al.,
2000). Previous study has shown that Bmp2 is expressed in
the endoderm of gastrula mouse embryos by in situ hybrid-
ization with tissue sections (Coucouvanis and Martin,
1999). Because its expression is very close to the proximal
epiblast, where PGC precursors are located (Lawson and
Hage, 1994), we hypothesize that endoderm-derived BMP2
may be involved in PGC generation. To test this hypoth-
esis, we further compared expression patterns of Bmp2 with
Bmp4 and Bmp8b in gastrula stage mouse embryos using
n gastrula mouse embryos by whole-mount in situ hybridization.
cted on the surface of the embryo corresponding to the endoderm
the junction of extraembryonic ectoderm and epiblast (arrow),
2 expression at E6.75. A pattern similar to that in (A) was observed.
gion became localized and stronger. (C and D) Bmp4 and Bmp8b
hematic representation of Bmp2 expression in the endoderm on a
doderm is at the highest level at the posterior end (blue) and lowest
doderm; ep, epiblast; pc, proamniotic cavity; pe, posterior end; xe,
ate the boundaries between the epiblast and the extraembryonic
s (ae and pe) of the embryo in (E). Scale bar, 40 mm.rns i
dete
cross
Bmp
k re
A sc
e en
ic en
indicwhole-mount in situ hybridization. Consistent with the
s of reproduction in any form reserved.
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487Bmp2 in PGC Developmentfindings by Coucouvanis and Martin (1999), Bmp2 mRNA
was detected in the visceral endoderm at E6.0–6.5 (Fig. 1A).
Bmp2 transcripts were still detectable in the endoderm at
E6.75–7.5 (Fig. 1B for E6.75 and data not shown for later
stages). The endoderm expression of Bmp2 is more pro-
nounced in the midportion of the embryo crossing the
boundary region between the epiblast and the extraembry-
onic ectoderm (Fig. 1B). Furthermore, the strongest signal of
Bmp2 expression coincided with the primitive streak form-
ing region just below the boundary of the extraembryonic
ectoderm and the epiblast (Figs. 1A and 1B). Therefore,
Bmp2 expression can potentially serve as a marker for the
posterior end of the gastrula embryo before primitive streak
formation. As shown in Fig. 1C, Bmp4 mRNA was not
etected in the endoderm during gastrulation. However,
igh levels of Bmp4 transcripts were observed in the proxi-
al region of the extraembryonic ectoderm adjacent to the
piblast at E5.5–6.5 (Fig. 1C for E6.5). Bmp8b mRNA was
etected in the whole extraembryonic ectoderm at E5.5–
.5, but not in the endoderm and extraembryonic meso-
erm (Fig. 1D for E6.5; Ying et al., 2000).
Reduced PGC Number in Bmp2 Mutant Embryos
The expression pattern of Bmp2 in the endoderm, espe-
cially near the boundary region between the epiblast and
the extraembryonic ectoderm, in gastrula mouse embryos
suggests that it may play a role in PGC generation. PGCs
are identified by their strong alkaline phosphatase activity
at about E7.5 at the posterior region of primitive streak
(Ginsburg et al., 1990). The alkaline phosphatase activity
can be continuously detected throughout the proliferation
and migration of PGCs into the genital ridges. At late-
streak stage, recognizable PGCs were found in 50% of
Bmp2 homozygous embryos (n 5 12), which was not
tatistically different from the wild-type embryos (64.3%,
5 14) (P . 0.05). To address whether mutation of Bmp2
educes the PGC number, we used the whole-mount alka-
ine phosphatase staining technique to quantify PGCs in
mbryos at different developmental stages. As shown in Fig.
A, at neural-plate and headfold stages, the number of
GCs in Bmp2 homozygotes was 21.6 6 3.1 and 43.8 6 3.0,
espectively, significantly smaller than those in the wild
ype (52.1 6 4.4 and 72.8 6 6.3, P , 0.01). At later stages,
GCs in wild type and heterozygotes were distributed in
he wall of the hindgut (Figs. 3A–3D, 3F, and 3G); but most
GCs in the Bmp2 homozygous embryos were located at
he posterior streak and the base of the allantois due to
bnormal development of the hindgut (Figs. 3E and 3H).
egression analysis of PGCs against somite number
howed that the number of PGCs in homozygotes ( y 5
.670 1 0.0196x, n 5 26) was consistently smaller than
hose of wild type ( y 5 2.007 1 0.0177x, n 5 28; P ,
.001) and heterozygous groups ( y 5 1.823 1 0.0188x,
5 64; P , 0.01), but the slopes of the regression lines e
Copyright © 2001 by Academic Press. All rightere similar (Fig. 2B). Compared with that of the wild-type
roup, the PGC number in Bmp2 heterozygous embryos
as also consistently smaller although there were no other
istinguishable morphological abnormalities in embryos
P , 0.05, Figs. 2B, 3B, 3D, and 3G). These observations
uggest that the major role of Bmp2 is not in PGC prolif-
FIG. 2. PGC numbers in wild type and Bmp2 mutants at different
developmental stages. Embryos were collected from crosses of
Bmp2 heterozygotes at the N2 generation onto C57BL/6 back-
ground. PGCs were counted in whole-mount embryos after alka-
line phosphatase staining. (A) PGC numbers at neuroplate and
headfold stages (mean 6 SEM). The number in parentheses is the
number of embryos in each group. *P , 0.05, **P , 0.001
compared with wild type. (B) Regression analysis of PGC number
versus somite number for wild type, Bmp2 heterozygotes, and
Bmp2 homozygotes. The regression equations are expressed as y 5
a 1 bx for log PGC number (y) against somite number (x). PGCs in
the Bmp2 heterozygous group (open circles and middle line, y 5
1.823 1 0.0188x, n 5 64) are consistently lower than those in the
wild-type group (P , 0.05, solid circles and upper line, y 5
2.007 1 0.0177x, n 5 28). PGCs in the Bmp2 homozygous group
(triangles and the lower line, y 5 1.670 1 0.0196x, n 5 26) are
significantly reduced compared with those in the wild-type (P ,
0.001) and Bmp2 heterozygous groups (P , 0.01).ration and/or survival, but in the generation of PGCs.
s of reproduction in any form reserved.
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Allantois in Bmp2 Homozygous Embryos
As shown in Table 1, there was no significant difference
in somite number between wild-type and Bmp2 mutant
mbryos before E8.25. At E8.75 and 9.25, Bmp2 homozy-
gotes were significantly smaller in size and somite numbers
than the wild-type and heterozygous littermates. Morpho-
logically, all Bmp2 homozygotes failed to turn (Fig. 4A,
Table 1), in addition to the malformation of the amnion/
chorion and the abnormal development of the heart (Zhang
and Bradley, 1996). Most homozygotes either had open
hindgut with obvious endoderm layer or lacked clear hind-
gut endoderm by histology (Fig. 4D). Although allantoides
were present in Bmp2 homozygotes, all of them were
located at the posterior end (Fig. 4B). Moreover, normal
chorioallantoic fusion did not occur in about 50% of the
homozygotes at E8.75 (Table 1, Fig. 4B). In a more detailed
examination of the initiation and growth of the allantois, it
was found that 54.5% of Bmp2 homozygotes had an allan-
tois bud at the late-streak stage, which was not significantly
different from those in the wild-type (61.5%) and Bmp2
heterozygote (57.1%) groups (P . 0.05, Fig. 5A). The
lengthening allantoides were present in all null mutants at
neural-plate and headfold stages, but they were consistently
shorter than those of the wild-type littermates at the same
stage (Fig. 5B, P , 0.01 and P , 0.001, respectively). These
results suggest that BMP2 plays a role in the hindgut and
allantois development.
Bmp2 and Bmp4 Have an Additive Effect in PGC
Generation
Bmp2 and Bmp4 belong to the Dpp class of the Bmp
superfamily. Functionally, BMP2 exhibits many of the
same activities as BMP4 (Coucouvanis and Martin, 1999;
Furuta et al., 1997; Hemmati-Brivanlou and Thomsen,
1995; Suzuki et al., 1997; Yokouchi et al., 1996). Since both
Bmp2 and Bmp4 play a role in PGC generation, it will be
interesting to know the relationship of these two genes in
PGC development. Using a genetic approach, we crossed
Bmp2 heterozygotes (129SvEv 3 C57BL/6) with Bmp4
heterozygotes (129SvEv 3 Black Swiss) to generate double
heterozygotes (Bmp21/2;Bmp41/2). Regression analysis of
PGCs versus somite number showed that there was no
significant difference in PGC number between the wild-
type ( y 5 1.871 1 0.0259x, n 5 60) and the Bmp2
heterozygous groups ( y 5 1.841 1 0.0223x, n 5 53) on
this mixed genetic background (Fig. 6A, P . 0.05). How-
ever, the PGC numbers in Bmp4 heterozygotes and
Bmp21/2;Bmp41/2 mutants ( y 5 1.249 1 0.0322x, n 5 44
and y 5 1.122 1 0.0276x, n 5 48) were significantly
smaller than those in the wild-type and Bmp2 heterozygote
groups (P , 0.001). Moreover, PGC number in Bmp21/2;
mp41/2 mutants was further reduced in comparison with
Bmp4 heterozygotes alone (P , 0.05), and four embryos in
the former group completely lack PGCs. These results
Copyright © 2001 by Academic Press. All rightindicate that Bmp2 and Bmp4 have an additive effect in
PGC generation.
Bmp2 and Bmp8b Do Not Have an Additive Effect
in PGC Generation
Previous studies have shown that Bmp4 and Bmp8b are
equired for PGC generation, but these two genes do not
ave an additive effect (Lawson et al., 1999; Ying et al.,
000). The above results indicate that null mutation of
mp2 also causes a reduction in PGC number. Moreover,
mp2 and Bmp4 show an additive effect in PGC generation.
We further tested the relationship between Bmp2 and
Bmp8b in PGC development using a similar genetic ap-
proach. Bmp2 and Bmp8b heterozygotes at the N2 genera-
ion onto C57BL/6 background were crossed to generate
mp21/2;Bmp8b1/2 double heterozygotes. These mutants
were healthy and phenotypically indistinguishable from
Bmp2 or Bmp8b heterozygotes and were then intercrossed
to generate nine different genotypes at the Bmp2 and
Bmp8b loci. As shown in Fig. 6B, there is no statistical
difference in PGC number among Bmp21/2, Bmp8b1/2, and
Bmp21/2;Bmp8b1/2 mutant groups (P . 0.05). In addition,
Bmp22/2;Bmp8b1/2 mutants do not have more severe de-
fects in PGC generation compared with Bmp2 homozygotes
alone (data not shown). These results suggest that Bmp2
and Bmp8b do not have an additive effect in PGC genera-
tion.
DISCUSSION
Previous studies have demonstrated that Bmp4 and
Bmp8b are expressed in the extraembryonic ectoderm and
are required for PGC generation (Lawson et al., 1999; Ying
et al., 2000). In the present study, we show that Bmp2, a
close relative of Bmp4, is expressed in the endoderm and
also plays a role in this process. These results suggest that
PGC generation from the proximal epiblast in the mouse
embryos is regulated not only by the extraembryonic ecto-
derm but also by the adjacent endoderm. We have shown
that PGC number is reduced by 38 and 58%, respectively,
in Bmp2 heterozygous and homozygous embryos at the N2
generation onto C57BL/6 background, whereas the slopes of
regression lines are not significantly different between the
wild-type and the mutant embryos (Fig. 2B). Therefore,
mutation in Bmp2 affects the size of the PGC founding
population rather than PGC proliferation and/or survival.
It has been proposed by Lawson et al. (1999) that PGC
specification or generation in the mouse may require two
separate signals. The first signal(s) derived from the ex-
traembryonic ectoderm before E6.5 instructs proximal epi-
blast cells to differentiate into the common precursors of
PGCs and allantois. The second signal(s) originates most
likely from the extraembryonic mesoderm at the posterior
of the primitive streak at E6.75 to 7.0 to segregate the PGC
s of reproduction in any form reserved.
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aFIG. 3. PGC distribution in wild-type and Bmp2 mutant embryos. The embryos were collected from crosses of Bmp2 heterozygotes at the
N2 generation onto C57BL/6 background and were subjected to alkaline phosphatase staining by whole-mount or sections. (A) The hindgut
of a wild-type embryo with 22 somites after whole-mount alkaline phosphatase staining. (B) The hindgut of a Bmp2 heterozygote with 22
omites after whole-mount staining, which contains fewer PGCs than the wild-type embryo in (A). (C) PGC distribution in the hindgut of
wild-type embryo with 21 somites revealed by a sagittal section. (D) A sagittal section of a Bmp2 heterozygous embryo with 21 somites
howing fewer PGCs in the hindgut than the wild-type embryo in (C). (E) A sagittal section of a Bmp2 homozygous embryo with 20 somites.
he embryo did not turn and PGCs were distributed in the base of the allantois. (F–H) High magnifications of the rectangles in (C–E),
espectively. (al) allantois, (ht) heart. (1/1) wild type, (1/2) heterozygote, (2/2) homozygote; arrows for PGCs. Bar, 50 mm in A, B; 60 mm
in C, D, E; 15 mm in F, G, H.
IG. 4. Allantois and hindgut defects of Bmp2 mutant embryos. The embryos were collected from crosses of Bmp2 heterozygotes at the
2 generation onto C57BL/6 background. (A) A Bmp2 heterozygote at E9.25 with 22 somites showing normal morphology (left) and a Bmp2
omozygote at E9.25 with 20 somites (right). The homozygote did not turn and was significantly delayed in development. (B) Posterior
ortions of embryos in A. The short allantois of the Bmp2 homozygote is located at the extreme posterior end (right). (C) Cross section of
heterozygous embryo showing normal morphology of the posterior region. Arrow indicates the hindgut. (D) Cross section of a
omozygous embryo showing unfused neural tube and open hindgut (arrow). The red lines in (A) mark the positions of cross sections. (al)
llantois, (ht) heart, (ne) neural tube. Scale bars, 300 mm in A, 250 mm in B, and 30 mm in C and D.
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490 Ying and Zhaoand allantois lineages. Bmp2 expression can be first de-
ected in the endoderm at E6.0–6.5 by in situ hybridization
Coucouvanis and Martin, 1999; Fig. 1). Its expression in
FIG. 5. Allantois development in Bmp2 mutant embryos. The
embryos were collected from Bmp2 heterozygous crosses at the N2
generation onto C57BL/6 background. (A) Percentage of embryos
with allantois bud at late primitive streak stage. (B) The allantois
length at the neural-plate and headfold stages. Results are ex-
pressed as means with standard errors. The numbers in parentheses
are the numbers of embryos in each group. NP, neural plate; HF,
headfold. Statistical differences between wild-type and Bmp2 ho-
TABLE 1
Developmental Abnormalities of Bmp2 Mutant Embryos
Groups
Somite No. at different developmental stages
8.25 8.75
ild type 6.3 6 0.7 (12) 13.9 6 0.9 (14)
mp21/2 6.4 6 0.7 (19) 13.6 6 0.5 (31)
Bmp22/2 6.7 6 0.6 (9) 11.4 6 0.6 (15)*
Note. The numbers in parentheses are the numbers of embryos.
a Percentages of embryos with chorioallantoic fusion and embry
* P , 0.05, **P , 0.01, ***P , 0.001 compared with wild-typemozygote are indicated: *P , 0.01; **P , 0.001.
Copyright © 2001 by Academic Press. All rightesoderm can be first detected in the chorion region at E7.5
nd in allantois at E8.0 (Zhang and Bradley, 1996). There-
ore, it is likely that BMP2 produced by the endoderm
together with BMP4 and BMP8B) acts as a part of the first
ignal(s) in PGC precursor generation, not as the second
ignal for PGC segregation from allantois.
Both BMP4 and BMP8B are required for PGC formation
Lawson et al., 1999; Ying et al., 2000). To address whether
educed PGC number in Bmp2 mutants results from
hanges of Bmp4 and Bmp8b expression in the extraembry-
nic ectoderm, we used in situ hybridization to test their
xpression in E6.5 embryos from crosses of Bmp2 heterozy-
otes. Our results did not reveal a significant difference in
he expression of these two genes between the wild-type
nd the Bmp2 mutant embryos (data not shown). Therefore,
he reduced PGC number in Bmp2 mutants is unlikely to
esult from the changes in Bmp4 and Bmp8b transcription.
he reverse experiments did not reveal obvious changes in
mp2 expression in Bmp4 or Bmp8b null embryos either
data not shown).
BMP2 and BMP4 share very high levels of sequence
dentity (.90% at both amino acid and nucleotide se-
uences) and they are functionally interchangeable for most
f not all of their biological activities. The fact that
mp21/2;Bmp41/2 mutants showed a further reduction in
he founding population of PGCs in comparison with
mp41/2 mutants strongly suggests that endoderm-derived
BMP2 and extraembryonic ectoderm-derived BMP4 have an
additive effect and they use similar or identical receptor
complexes for signaling. However, the fact that neither
Bmp4 nor Bmp2 shows any additive effect with Bmp8b, a
distant relative of the Dpp class, further suggests that the
60A class member BMP8B uses a different set of receptor
complexes for signal transduction. Alternatively, as previ-
ously proposed by Ying et al. (2000), BMP4 and BMP8B may
form heterodimers in the extraembryonic ectoderm to func-
tion, while individual homodimers may not be functional.
If the second model is correct, the endoderm-derived BMP2
also needs a partner of the 60A class to form heterodimers.
In this case, an additive effect is expected not only between
ryonic day)
% of embryos with
allantois fusiona
% of embryos
turned9.25
.0 6 0.4 (8) 100 78.6
.0 6 0.5 (15) 93.5 58.1
.4 6 0.7 (5)** 46.7*** 0
rned were determined at E8.75.
mp2 heterozygous groups.(emb
22
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18Bmp2 and Bmp4 but also between Bmp2 and Bmp8b.
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491Bmp2 in PGC DevelopmentHowever, our data presented here are not consistent with
the second model since no additive effect is observed
between Bmp2 and Bmp8b. Furthermore, our recent data
FIG. 6. PGC numbers in Bmp21/2;Bmp41/2 and Bmp21/2;
mp8b1/2 mutants. (A) Linear regression analysis of PGC number
versus somite number for Bmp21/2;Bmp41/2 mutants. Embryos
were collected from intercrosses of Bmp2 (129SvEv 3 C57BL/6) and
mp4 (129SvEv 3 Black Swiss) heterozygotes. There was no
significant difference in PGC number between the wild type (solid
circles and upper heavy line, y 5 1.871 1 0.0259x, n 5 60) and
the Bmp2 heterozygotes (open circles and upper light line, y 5
1.841 1 0.0223x, n 5 53). PGCs in Bmp4 heterozygotes (open
iamonds and lower heavy line, y 5 1.249 1 0.0322x, n 5 44)
and Bmp21/2;Bmp41/2 mutants (open triangles and lower light line,
5 1.122 1 0.0276x, n 5 48) were significantly reduced
compared with those in the wild-type (P , 0.001) and the Bmp2
heterozygote groups (P , 0.001). In addition, the number of PGCs
in Bmp21/2;Bmp41/2 embryos was significantly smaller than that
in Bmp4 heterozygotes (P , 0.05). Four Bmp21/2;Bmp41/2 em-
bryos completely lack PGCs (2 of them with 9 somites overlapped
in the graph). (B) Regression analysis of PGCs versus somite
number for Bmp21/2;Bmp8b1/2 mutants. Embryos were collected
rom crosses of Bmp21/2;Bmp8b1/2 mutants at the N2 generation
nto C57BL/6 background. There is no significant difference in
erms of PGC number among Bmp2 (open circles and upper line,
5 27), Bmp8b heterozygotes alone (solid circles, regression line
as overlapped with that of Bmp2 heterozygotes, n 5 32), and
mp21/2;Bmp8b1/2 mutants (triangles and lower line, n 5 40).indicate that the combination of BMP4 and BMP8B ho-
Copyright © 2001 by Academic Press. All rightmodimers can induce PGCs from cultured epiblasts while
each homodimers alone cannot (Ying and Zhao, unpub-
lished results). Therefore, our preferred model is two sepa-
rate receptor complexes for DPP class and BMP8B in PGC
specification.
Based on our current model, that BMP2 and BMP4 ho-
modimers have identical or similar biochemical activity in
PGC generation, it is expected that Bmp4-null mutants can
be partially rescued by endoderm-derived BMP2. The fact
that Bmp4 null mutants lack PGCs and allantois suggests
hat endoderm-derived BMP2 is not sufficient to reach the
hreshold of required levels of DPP class proteins for PGC
eneration. This notion is supported by the findings that a
mall number of Bmp4 heterozygotes also lack PGCs,
resumably due to below-threshold level of DPP class
roteins (Lawson et al., 1999). Alternatively, it is also
ntirely possible that the early expression of BMP4 (E5.5–
.0) is essential to prime the epiblast cells to be competent
or PGC precursor generation. Such early expression cannot
e compensated by endoderm-derived BMP2 that is ex-
ressed only after E6.0.
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